African swine fever (ASF), caused by African swine fever virus (ASFV), is currently one of the most important and serious diseases of pigs, mainly due to the enormous sanitary and socio-economic consequences. It leads to serious economic losses, not only because of the near 100% mortality rate, but also through the prohibitions of pork exports it triggers. Currently neither vaccines nor safe and effective chemotherapeutic agents are available against ASFV. The disease is controlled by culling infected pigs and maintaining high biosecurity standards, which principally relies on disinfection. Some countries have approved and/or authorised a list of biocides effective against this virus. This article is focused on the characteristics of chemical substances present in the most popular disinfectants of potential use against ASFV. Despite some of them being approved and tested, it seems necessary to perform tests directly on ASFV to ensure maximum effectiveness of the disinfectants in preventing the spread of ASF in the future.
Introduction
Pig production in Poland is one of the most important aspects of the country's food economy. In 2017, pork production accounted for over 35% of total meat production ( Fig. 1 ) and was in second place after the production of poultry (over 48%) (17) . From 2009 to 2018, the population of pigs kept in Poland remained more or less stable, at around 12 million (Fig. 2) . Considering the cornerstone which pork is, maintaining the appropriate number of pigs in Poland is a strategic goal of the food economy and can be served by ensuring a high level of pig welfare. Ensuring animal welfare among other measures involves maintaining animals free from infectious diseases. Some infectious diseases cause serious economic losses, not only through high mortality, but also through a negative impact on meat sales and exports.
African swine fever (ASF), caused by African swine fever virus (ASFV), is currently one of the most important and serious diseases of pigs, mainly due to its enormous sanitary and socio-economic consequences. Infection in breeding herds is slow but includes a significant percentage of animals, causing mortality of almost 100%. It affects domestic pigs, wild boars, and warthogs of different age groups (26) . As an example of the economic damage which ASF can inflict, in 2014 and 2015 the value of exports of pork and pork products from Poland, Lithuania, Latvia, and Estonia was reduced by US$ 961 million by the disease, which was nearly 50% of the total export value. Uncontrolled spreading of ASF may have disastrous consequences if it appears in China, taking into account that China contains more than half of the world's pig population (35) . Therefore, it is listed as a notifiable disease by the World Organisation for Animal Health (OIE).
ASFV was introduced into Europe in the second half of the 20 th century and emerged there for a second time in 2007 (8) , when the virus reached Georgia. Then, ASFV spread to Armenia, Azerbaijan, the Russian Federation, Ukraine, Belarus, and the Baltic States (i.e. Lithuania, Latvia, and Estonia). The first case of ASF in Poland was recorded in 2014 (11) .
ASFV is a large, enveloped DNA virus, with a capsid consisting of several concentric lipid and protein layers below the external lipid membrane and a double-stranded (ds) DNA genome of approximately 190 kilobase pairs (15, 28, 44) . It belongs to the Asfivirus genus of the Asfarviridae family. Infection is characterised by a progressive decrease in cellular protein synthesis with a concomitant increase in viral protein synthesis, due to an active mRNA degradation process. ASFV spreads directly through contact with infected pigs (aerosol), by bites of soft ticks of the Ornithodoros genus and by contact with materials or objects contaminated by virus-containing matter, such as blood, faeces, urine, or saliva. Wild boars may also spread the virus via direct contact or consumption of infected prey or carrion, therefore ASFV may be easily transferred to pig farms by humans (11, 35) . New developments in the field of molecular research have provided hope that a useable vaccine may be possible, but no efforts to produce a vaccine against ASF have been successful so far (7, 9, 20, 31) . Despite the roles of some structural virus proteins in viral infection having been recognised, the mechanisms of the immune response to ASFV remain unclear, and currently there are no effective disease control strategies against ASF (14, 32, 35) . ASFV is controlled by culling infected pigs and maintaining high biosecurity standards, and presently this seems to be the only way to stop the spread of ASF. 
Biosecurity
Biosecurity is described as prevention or minimalisation of the transmission of naturally occurring infectious diseases, pests in crops and livestock, and threats posed to the economy and environment by invasive alien organisms. Primarily, it is concerned with threats to animal and plant health and to biodiversity, which might have an indirect impact on human health (16) .
Disease control is one of the most challenging fields for pork producers. Pig farm security can be defined as the planning and realisation of a programme to minimise various types of risk that can have detrimental effects on the farmstead and pigs. Many factors are involved in the development and maintenance of a cost-effective biosecurity programme. These factors can be thought of as links in a chain; a biosecurity programme is only as strong as its weakest link (19) .
An important link in biosecurity is disinfection, which reduces the percentage of pathogenic microorganisms, in this case viruses, to such a degree that the disinfected object or surface is no longer a source of infection. Disinfection is vital to reduce the risk of contaminating the environment with ASFV or other pathogens. It usually occurs in two steps: a thorough mechanical cleaning followed by application of disinfectant. Potentially contaminated materials, such as manure, bedding, straw, and feedstuffs, should be removed and disposed of, and then the surface should be thoroughly washed using detergents (Fig 3.) . Spraying or soaking contaminated materials rich in protein with disinfectant is ineffective because ASFV can withstand fairly extensive pH changes (27) .
Microorganism sensitivity to chemical disinfectant action varies from the most resistant and therefore least sensitive, prions, to the least resistant and therefore most sensitive, enveloped viruses (including ASFV) (Fig. 4) . Viral susceptibility to disinfectants depends on several factors, including virus type (enveloped or nonenveloped), size, morphology, and nucleic acid (singleor double-stranded) (22, 36, 39) . Non-enveloped viruses such as enteroviruses are more resistant than enveloped viruses to the action of commonly used disinfectants such as 70% alcohol and 1% quaternary ammonium compounds (6) . In addition, enveloped viruses are less stable outside their hosts (4, 39) .
Traits of the perfect disinfectant should be fast action, durability, non-toxicity, and imperviousness to environmental factors, and it should have the widest possible spectrum of biocidal activity, including against bacteria, viruses, and fungi. Precise determination of the scope of disinfectant action facilitates correct disinfection method application, and incorrect determination of activity parameters (concentration, contact time, range) may lead to improper use of disinfectant products (40) ( Table 1) .
Disinfection mats are the best example that the application of the above criteria ensures the effectiveness of the disinfectant. External disinfection mats are exposed to environmental influence. Wind, sunshine, and high temperature accelerate the drying, heavy rain leads to dilution of the disinfectant solution, and low winter temperatures may freeze it. It is important to check the labels and read the leaflets of disinfectants before use. There is a preferred temperature range, sensitivity to environmental conditions, use the agent is intended for, and recommended dilution guaranteeing the right pH. The activity of most disinfectants is determined by the pH of the solution, which can be measured in different ways (e.g. with litmus paper). In the case of external disinfection mats soaked in acidic disinfectants, the best indicator may be the colour index of the solution, which discolours from pink (active solution) to colourless (much diminished activity) commensurately with decreasing solution activity. Another important issue is the effectiveness of disinfectants at low temperatures. Most of them used at temperatures below −5°C are ineffective, especially those of an older generation. To maintain the effectiveness of disinfectants at a temperature of 0 to −5°C, it is necessary to add to them the appropriate amount of sodium chloride or glycol. What should always be remembered using disinfectants is to refill external disinfectant mats in winter (30) .
It is hard to find the perfect disinfectant against ASFV because there is no global collation effort to gather explicitly described detailed data regarding disinfectants. However, each country has approved and/or authorised a list of biocides effective against ASFV, and thus only authorised biocides should be used and only applied according to the producer's instructions. Amassed general knowledge of and experience in the use of disinfectants against enveloped viruses, e.g. ORF virus (OV), equine viral arteritis virus (EVAV), pseudorabies virus (PRV), porcine reproductive and respiratory syndrome virus (PRRSV), and classical swine fever (CSF), have shown that the chemical compounds effective in inactivation of ASFV are as follows (12, 37) :
 1% formaldehyde,  Sodium hypochlorite (0.03% to 0.0075%),  2% caustic soda solution (the strongest virucidal agent),  Glutaraldehyde, formic,  1% sodium or calcium hydroxide (effective at virus inactivation in slurry at 4°C),  Phenols -lysol, lysephoform, and creolin,  Chemical compounds based on lipid solvents,  Multi-constituent compounds -Virkon (1:100), Lysoformin, Desoform, Octyldodeceth-20 (OD-20) surfactants, active substances, organic acids, glycosal, etc.
Characteristics and mechanisms of action of disinfectants
Formaldehyde (methanal, CH2O) is a monoaldehyde that exists as a freely water-soluble gas. It is used as a disinfectant and sterilant in liquid and gaseous states and used principally as a water-based solution called formalin, which is 37% formaldehyde (w/v). Formaldehyde is an extremely reactive chemical that interacts with protein, DNA, and RNA. The interaction is based on alkylating the amino and sulphhydryl groups of proteins and ring nitrogen atoms of purine bases. Formaldehyde is bactericidal, sporicidal, and virucidal, but it works more slowly than glutaraldehyde (23) . Although formaldehyde is a high-level disinfectant, the uses of it are limited by its irritating fumes and pungent odour, even at very low levels (<1 ppm) (3). According to the Occupational Safety and Health Administration of the USA, it should be handled as a potential carcinogen. Formaldehyde can cause asthma-like respiratory problems and skin irritation such as dermatitis and itching, or after ingestion even death (24) . This substantially limits the scope of its use as a disinfectant against ASFV. Formaldehyde is most often used against ASFV as a vapour for disinfecting electrical devices (34) .
Hypochlorites are the most commonly used chlorine disinfectants and are available as liquids (e.g. sodium hypochlorite) or solids (e.g. calcium hypochlorite). Chlorine compounds are good disinfectants on clean surfaces but are quickly inactivated by organic matter and thus can significantly lose biocidal activity. Sodium hypochlorite is a hypochlorous sodium salt with the chemical formula NaOCl and belongs to the group of chlorine-releasing agents (CRAs). Aqueous solutions of sodium hypochlorite (5.25%-6.15%) called household bleach are the most popular chlorine products used in homes. They are widely used for hard-surface disinfection, but also in the food and dairy industries and for the terminal treatment of potable water (23, 34, 38) . In water, sodium hypochlorite ionises to produce Na + and the hypochlorite ion (OCl) -, which creates an equilibrium with hypochlorous acid (HOCl) (2) . The equilibrium between hypochlorous acid and the hypochlorite ion is clearly affected by pH. At alkaline pH, the hypochlorite ion is favoured; the solution is relatively more stable but less effective as a disinfectant. At more acidic pH values, the formation of the hypochlorous acid is favoured. Although this compound is much less stable than the hypochlorite ion, it is a highly effective oxidising agent and potent antimicrobial (38) . Sodium hypochlorite has a broad spectrum of antimicrobial activity. It is effective against bacteria, viruses, fungi, and spores, has a relatively low residual toxicity, and can be manufactured in large quantities at low costs, but is quickly inactivated by organic matter (10, 34) . Although the precise mechanism of action of chlorine is not well understood, it is generally considered that the lethal effect of chlorine on microorganisms results from the oxidation (or chlorination) of cell proteins by unionised hypochlorous acid, with reactivity against a diversity of functional groups. Almost every virus tested has proved to be sensitive to some level of chlorine, and sodium hypochlorite is often recommended as a standard disinfectant for viral pathogens. It was reported that 25 different viruses were inactivated in 10 min with 200 ppm available chlorine (34) . Sodium hypochlorite is one of the chemical compounds recommended to inactivate ASFV because low concentrations of it are effective for disinfection. Also, research on the parapox virus using sodium hypochlorite as a disinfectant has confirmed its effectiveness in the inactivation of enveloped viruses (12) . Hypochlorite is one of the disinfectants recommended for poxviruses by the OIE collaborating centre and the Institute for International Cooperation in Animal Biologics in the USA (34) . Hypochlorite may be regarded as a universal disinfectant, however, its effectiveness is diminished by extended storage, and it is therefore necessary to check its activity before use. A concentration of 0.5% active chlorine appears necessary for satisfactory disinfection (47) .
Sodium hydroxide (caustic soda) along with calcium hydroxide (lime) and sodium carbonate (washing soda) are members of the group of alkali chemicals. Caustic soda is a strong base. Its disinfecting action is based on the formation of free hydroxide ions, which cause protein denaturation, saponification of fats, and the distribution of carbohydrates. It has the added benefit of being effective in the presence of organic material. Sodium hydroxide has been shown to be effective at inactivating lipid-enveloped viruses such as the human immunodeficiency virus and the pseudorabies virus (15). Calcium hydroxide (lime) is commonly used to modify soil pH, stabilise animal wastes, and minimise odour, and is readily available in agricultural regions. As a disinfectant, calcium hydroxide has been shown to reduce pathogen levels, particularly viruses, in slurries and waste water treatment processes. There are already two techniques exploiting its effectiveness, which have been identified as being potentially suitable for the inactivation of ASFV in pig slurry: one is heat treatment, and the other is dosing with an alkaline chemical, particularly sodium hydroxide or calcium hydroxide (42) . These methods are relatively easy, generally inexpensive, and the treated slurry (especially after heat treatment) can be disposed of in the usual way. It was found that ASFV was inactivated by Ca(OH)2 within 30 min at 1% and 0.5% (w/v) at 4°C and 22°C; NaOH was effective at 1%, 0.5%, and 0.2% (w/v) at 22°C, and at 1% and 0.5% (w/v) at 4°C, 0.2% being ineffective at this temperature. Temperature had an effect on the chemical inactivation of ASFV, with inactivation achieved at lower concentrations at 22°C than at 4°C (23) . In cases of ASF disease obligating measures for decontamination, rooms, large surfaces, and means of transport are cleansed with a 2% caustic soda solution and 1% is used for hand disinfection. A 2% caustic soda solution is the strongest chemical compound inactivating ASFV.
Glutaraldehyde is an important dialdehyde that is used as a disinfectant and sterilant, in particular for low-temperature disinfection. Aqueous solutions of glutaraldehyde are acidic and generally, in this state, are not sporicidal (23, 34) . It works most strongly at pH 7.5 ± 0.85. At other pH values, its action can be up to 36 times weaker. In the presence of organic impurities it is slightly less effective. Gram-positive and Gramnegative bacteria, fungi, and viruses are sensitive to glutaraldehyde, while bacterial spores and tuberculosis mycobacteria are moderately sensitive (25) . Glutaraldehyde as a potentially virucidal agent is also used to inactivate ASFV. The actual action of the mechanism is unknown, but it involves destruction of the biological membranes by denaturing proteins, disturbance of metabolism protein-DNA cross-links, and capsid changes. It is non-corrosive to metal and does not damage lensed instruments, rubber, or plastics (34) . That is why it is commonly used to sterilise plastics which cannot be sterilised by elevated temperature. It is toxic and a potential carcinogen, so glutaraldehyde exposure should be monitored to ensure safety during disinfection (25) .
Phenol (phenolum) carbolic acid (C6H5OH, hydroxybenzene) has a crystalline form (whitish or colourless crystals) and emits a characteristic strong odour. It is one of the oldest antiseptic agents. Phenol is bacteriostatic at concentrations of 0.1%-1% and is bactericidal and fungicidal at 1%-2%. A 5% solution kills anthrax spores in 48 h. The bactericidal activity is enhanced by EDTA and warm temperatures; however, it is decreased by an alkaline medium (through ionisation), lipids, soaps, and low temperatures (45) . In high concentrations, phenol acts as a gross protoplasmic poison, penetrating and destroying the cell wall and precipitating the cell proteins. Low concentrations of phenol and higher-molecular-weight phenol derivatives cause bacterial death, by inactivation of substantial enzyme systems and leakage of essential metabolites from the cell wall (34) . Phenol has good penetrating power into organic matter and is mainly used for the disinfection of equipment or organic materials that are to be destroyed (e.g. infected food and excreta) (45) . Phenolics are phenol derivatives. These biocides act through membrane damage and denaturation and coagulation of proteins. They are effective against enveloped viruses, including ASFV, rickettsia, fungi, and vegetative bacteria. They are also more active in the presence of organic material than other disinfectants. Cresols, hexachlorophene, alkyl-and chloro-derivatives, and diphenyls are more active than phenol itself (10) . The phenol methyl derivative is cresol (C6H4(CH3)OH, hydroxytoluene) in the form of ortho, meta, and para isomers, cresol being a mixture of all three isomers. This is another important disinfectant with tenfold stronger disinfecting activity than phenol. Cresol is obtained by the distillation of coal tar. The mixture of cresols and resin soaps is creolin (creolinum), and the mixture of cresol and potassium soap is lysol (lysolum), which is used for the disinfection of instruments and medical equipment (in a concentration of 3%-5%), hands (in a concentration of 1%-2%), and floors, walls, and furniture (in a 5%-10% concentration). Bathrooms are disinfected with a 10% solution. Cresol is a dark brown, thick liquid forming a suspension when mixed with water (33) .
Quaternary ammonium compounds (QACs) are ionic compounds that contain four organic groups in the molecule and are linked to nitrogen atoms (including three covalent and one coordination bond). The amine rank is determined by the number of hydrogen atoms and free pairs of nitrogen electrons substituted with carbon atoms in the ammonia molecule. The hydrophilic element of the molecule is a nitrogen cation, and the hydrophobic fragment is an alkyl chain. This chemical structure provides unique activation properties at the interface and interaction with the surface (21) . The surface activity of QACs is also determined by the length of the aliphatic carbon chain; the highest is in the presence of 12-14 carbon atoms. Many antimicrobial products contain mixtures of QACs and other additions to increase their efficacy or to target a specific group of organisms. QACs are membrane-active agents, interacting with the cytoplasmic membranes of bacteria. Their hydrophobic activity also makes them effective against enveloped viruses. QACs also interact with intracellular targets and bind to DNA. They are also effective against nonenveloped viruses and spores, depending on product formulation (13) . QACs are widely used as disinfectants but are not recommended as antiseptics because on skin and tissue their failure was acknowledged following several outbreaks of infections associated with their use. They are commonly used in ordinary environmental sanitation of non-critical surfaces, such as floors, furniture, and walls. QACs show generally low toxicity, but prolonged contact with them can irritate the skin and respiratory tract. There are tests confirming that 0.003% concentration of QACs was very effective against four enveloped viruses, including the African swine fever virus. QACs induced detachment of the enveloped viruses and had a much stronger effect against these viruses than other disinfectants (37) . ASFV is readily inactivated by lipid solvents because of its envelope (5) . The mechanisms of action of main disinfectants are presented in Table 2 .
There are many commercial disinfectants against ASFV based on the chemical compounds mentioned above. However, only some of them are recommended by the Environmental Protection Agency (EPA) in the USA for the combat of ASFV (Table 3) .
Conclusion
Pig production is one of the most important aspects of the world's food economy, and it is extremely important to ensure the biosecurity of pig farms and their freedom from infectious diseases, especially diseases like ASF, which leads to almost 100% mortality.
Some viral diseases can be prevented and controlled by vaccination programmes, but, at the present time, neither vaccines nor safe and effective chemotherapeutic agents are available against ASFV. Effective isolation of infected pigs is often problematic or impractical, and a pig farmer usually relies heavily on chemical disinfection. Therefore, it is extremely important to select suitable virucidal disinfectants and to apply them effectively in reducing the transmission of viral diseases. Although there are some data from efficacy studies of some disinfectants, it seems necessary to perform tests directly on ASFV to ensure the maximum effectiveness of disinfectants and prevent the spread of ASF in the future.
Considering the diversity and attributes of biocides presented here and the fact that ASFV is an enveloped virus, disinfection should be effective when the following certain conditions are met:
 mechanical cleaning is carried out with detergents, ensuring the removal of proteins,  a recommended, tested, and approved disinfectant is used,  the proper temperature is achieved,  the recommended concentration of disinfectant is used,  the recommended contact time is ensured.
Disinfection is one of the most important components of the whole biosecurity programme for the prevention of ASF. The conditions mentioned above should be strictly applied by all workers associated with piggeries.
Conflict of Interests Statement:
The authors declare that there is no conflict of interests regarding the publication of this article.
Financial Disclosure Statement: Not applicable.
Animal Rights Statement: Not applicable.
